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A bstr a ct
Obs ervatio n s of boundary- air-laye rpr oce s se sm adeinthedaytim eindes ertar e as show thatthe
beh vio r of w ater v aporin thesurfac ebo undarylayeris c on siderablydiffer entfro mthatin moist
a re a s;thatis,
(a)latentheatflu xis negativ e(dow nw ard);
P)c onstant-fluxlayer ofw ate r v aporis notdetected;
(c)mi 血gratio ofw ater v apo rincre ase swi th heigto nfin edays;
(d)c ounte r-gradientnow ofw ater v apor o c curs･
r
rbe s ephe n o m ena a re show ntobe
■
re sulted fro mthe following pr o c es ses.
(1)Hot, dry s oilsurfa c espr oduc edry air o rgradients of w ater vapo rde n sity byther mal
dif fusio n.
(2)n egradie nts of w ater v apo rde n sitym ade at the stn'fa c e aretr 皿 SPO rted upw ard by micr o-
c onve ctio n c ells a risingfro m thelarge difEeren c einte mperature‾betv7 e enthe surfa c e andthe air
irrm ediatelyabov eit.
1. Introdu ction
A 辻 no w s o v er changing s urfa c e c ondidons show that an inte mal bo undary layer(IB L)
de v elops overthe ne w su rfa c e, growingin height with dow nwin d distan ce･ Itis s upposed, in
gener al, thatthelow est10% or the s u rfac ebo tlndary hyerhasbeen achiev ed inequilib riu m wi dl
the n e w surfac e and is ofte n cal1ed the equilibriumlaye r o rthe c o n sta nt
-flu xlayer･
TYLer e aretw okinds of IBl.s
,
a cdv eIB Land no n- a ctiv e o rpa ssiv eIB L･ Thefor merde v elops
ov er su rfa a changes, sm o othto r ough, c oldto hot, and dryto wet, w hile thela:tteris fom ed over
chaJlgeS, rOughto s m oth, hotto cold, and w et to dry. Ho w e v er, thedata on the non - a cdveIB L
hav esc arcelybee n obtained sofar. Espe cially,thereis n oevidencefor s uppo rtingthefor m ation of
IB L fo rhu miditywhen airflo wsfrorn m oistar easto dry ar cas･ In other w o rds,itis n otcle arto us
what o c cu r s when cool m oistair condito ned in o a s esfor e x ampleflow sintodeserts･
Thispaper r evie w sthebehavio r of w ater vapo r obs erv edre c entlyln ari dregio n s a nd describe s
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a m odelc o n structedltO e XPlain thebehaviofofw atervapor o v erdys oils urfa c e s1
2. Bo unda ry- air-layerpr o ces s e s ofh mi dity
Re c e n也y, m a ny observations of boundary- air-layerpro ce s se in a ridregio n shavebe e n m ade
a nd -pe c uliar
l'
phe n o m e n ahavebee nfo u nd. W ang and M its uta(1990)sho w ed thatdleflu x of
hte nthe at or of.w ateryapo
r over agobide s ert inthe H EIF E(S ino-Japa n es eCo oporado nal
program o n Am ospher e･ b nd Su rfa c ePro c es s esin Iieihe Riv er Basin)are a w as n egadve
(do w n w ard)也 m o stof thedaytim e･ Hara z o n oet al･(1 992)obs er ved also humi dityinv e rsions or
inα e as e sin h midity with incre ashgheight o v er a s and dunein Hulunbuir s a ndyland, Ch ina,
d 也 gtheday･ Ho w eve r, the s e obs e rv atio n sdo n ot m e a ndlat W ater V apor m o v e sintotheground,
be c a u s eits gr adie nt 血 m ediately below die Su rfa cein the dry surfa c elaye rPS L)points
do wnw ard;th叫 _soilw?ter m o v e s upw a rdjustbe n e ath the s u rfa c e(Kobaya shietal., 1 993).
Hu et al･(1 993)m ade obs e r v血)ns of thepr o丘1e ofspe cific humi dityin 血e O･ 25to16m
s tlrfac eairlayer o v e r a s andsu rfa ce attheH EIF Edes ertstado n andfou nd thatthere ofte n e xisted a
minh um value ofspe cifich mi dityn e a rthegr o u nd 血 也edaydme, whichら?e m sto m e a nthat血e
w ater v apo rfltH is n otc o n stant wi dlheightbute v e ndhange sits v ertical dire cdo nin the sd a c eair
layer. Teshim a and Kobaya shi(19 97)took obs ervado n s of bo tlndary- air-layerpr o ce s s e sin
Koko sirir ange s of 也eQ血ghai-Ⅹiz ang phte叫, Chha, andshow ed thatthe c o n stant- flu xlaye r of
w ateryapor dis appe ared asthe s oils u rfac edried and um stable c o ndido n spr e vai1edin theairhyer
justabo v ethe surfa c e･ Ta m aga w a(1996)andyz ed the data o n wind, te mper ature and h mi dibr
obtain ed atthe H E【F E des ertstadon
,
and c o n cluded thatthe MD nin一 仇 ukhov hypothesis w a s n ot
stlPPO rted.
Nagaietal.(1997)sho weddlat m o nthly m e a nmixingratio of v ater v apo r o n丘nedays atdie
H ⅢアEde s e rtsta丘o nin cre a s ed withincrea singheightbelo w2 0m 血r o ugho utye ar, which m e an s
thathumidityin ve rsionsalw ays o c ctlrin dle S urfac ebo u ndarylaye r at this stado n. Kobayashiand
Nagai(1995) c o n血 m ed at the s am e stado n dlat e V aPO r ado n w as o c m rring u nder the s e
htlmidity-irlV erSion c ondidon s, whidn m e a n sthat w ate rvapo r w a str an sportedagain stitsde n siy
gr adie nt.
No e xplan a也o nforthe s ephe n o m el aha s n otbe en offeredtnln o w.
3. Humidityinve rsio n a cr o s sthe s oilstlrfa c e
Fig1 r e1sho w sthe v erdcalprofile s of w ater v aporde n sityobtain ed atabout150JS Tonfine
daysin a3 m by3 m dun e s and fieldatKyushl University, Fukuoka, Japan(Kobayashietal･ ,
1 996). T he w ater v apo rde n sity inD S Lwhere w aterm o v es o nlyinthe v apo rphas ew a s e s血Iated
fr o mthe s oilte mper姐 1re a nd m oisture c o nte nta s su mingthe v aporto be inequilibrium unlqu ely
with theliquidinthe s am epo r e.
r
rhe D S L th ickn e s sw asinthe range of 1.5 皿1tO4 c m･ Humi dity
inthe air w as m e asu red wi血 an Ass m a n nve ntilatedpsychr o m et r. The verdcalprofilesto ok a
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ju mpdis c o n血uity at也e hoちdrys oilsu rfac e a nd incre a sed fr o mtnderto abo v ethe s u rfac e;that
is
,
theh mi dityin v ersio ndeveloped acro s s血e s onsurfac e.
Humidityin v ersio n a cr o s sthe s urfa c e w ere m ea stlrd als owidlH U M ICA Phumi dityse n s or s
(Ⅴ〟s A L A). T he s e n s ors w e re c overed witha m etalfater of 1.2 c mdia m et r and instal1ed at
depths of O･6 皿 , 2･6 c m and 10c m, and at a heightof2. 6 c min 血e s a m e s a nd field dlat W aS
00v ered witha vinylho u s eto keep dry c o nditio n s, n abralv e nti1adon of the air being al1ow ed
dlrOugh･OPen 皿gS in the wal1･ Thus, 也etop of the s e n s or at0.6 q nde ep w asjuste xpos edto die
air
,
and it w asdusted withsa nd･ Figure2 show sthe diu m alv aria血 n of w ater v aporderlSity o n
fln eday(Ju n e26, 1994), the D S L thicknes sbeingabo ut4.5cm
■
h 也e day血e(Kobaya shietal. ,
1996)I The differ e n ce in te mperatur ebetw e e nthe s o且 su rface and the air in the vinyl hotlS e
am ountedto abo ut15
oC･ The w ater v apo rden sityatO16c nde epw as ofte n s mallerthan 血atat2･6
c mhighduringthe period 1 100 JST and 1500JS Twhe nthe s oilsurfa c ete mper a:lu re w as n tlCh
higherthaJlthe airte mper atu reim m ediatelyabo v ethe stlrfa c e.
1 5 0
(
≡
且 1 0 0
●-J
. ⊂
lコ)
l
石
: 5 0
1=
t可
. ⊂
-
& o
⊂】
5
□ Au!ト11
■ Au9. 2 3
0 Sop. 5
＋ Oct. ll
0 2 0 4 0 60 8 0
vapo rde n sity(gm
- 3
)
Fig･1･ Ve rticalpr ofde s of w ate rvaporde n sitym e a sured at about1500 JST o nflne days in a
dun e s a nd fieldatKyu shu Univ e rsity, Fuku oka,Japa nin 1993･
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Fig,2. Diu malv a riatio n s ofw ate rvaporde n sib, me a Stlr ed withHUM I C A Ps e n s o rsin the same
丘elda sin Fig.1 at aheightof 2.6 c m and atdepths of O･ 6 cq 2･ 6 皿1 and 10cm o nJu n e26,
1 994.
4. Productio n ofdryair
'
m ehtlmidityinv ersio n s e e m stobe r ehtedto a n othe rpe c uliarpheno m e n o n whichis als o s e e n
inFig･2･ Afterthe sunris e atabo ut0150 JS T, the w ate r v apo rde n sity n e arthe s urfa c eincre a s ed
o w mgto thete mperature ris e. Ho w e v e r, it started de creasingdra sdcal1y a;t about0700JST atO･6
c mde ep a nd 2.6 c mhigh, andals o at2.6c mde epdelayed intim e abo ut o n eho u r･
T be minirn umde n si申 at2.6 00 1highw a sbelo w17.0gm
J
,
w hilethed aily m e a n and minirn um
value s of w ate r vapor de nsityobs erved at Fukuoka Meteorological Observatory about five
kilo m eters a w ayfrom thes and Reldw as20･5gn
-B
and 1 9･7gm
-3
,
respe cdv ely. Thes eresults m ea n
thatthe s m alls and Beldwithadrysurfa c elayer invinylplasdcho u se widl OPen lngSin 血e wall
pr odu c eddryairdtlringtheday andthispr o ce s s w a s a cdv tedsudde nlyin the m om lng Whe nthe
s u rfa cete mper atu re e x ce edda criticalvalue.
Ifhot
,
dry s ons u rfa ce s m akedryair, thedis c o n血 uitya土the surfa c ein the v e r丘calpr ofile of
w ater v apo rde n sity, o r血e humi dityinversio n a cr o ssthe su rfac e 侃Ilbe e xplain ed inthe s am e way
asin the c a s e ofte mpe ratu re dis c o n血 uityat the stlrfac ein which s e n siblehei(tge n erated there
plays an e ss e ntialrole.
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5･ Me chanis m･fo rpr oducingdryair
Dryair は Ilbe m adebys epar ating w ater v apo rfr o m m oi5tair･ The r e aretw o pr o c e ss e sby
which w ate rvapor 現 n ber e moved fro m m oistair, c o nde n s atio nand thermal diffusio n･ judl O ugh
thefo r m e ris v e ryc o mm o n, the utte r m aybe unfamiliartotis.
A flo w of m atter c aus edbyate mpe ratu regradientin a血id mi3h reis cal1ed the r mal difEusio n
(de Gr o ot and Mazur, 1984)I Ifm oistair, which is a mixtu re of dry air and w ater v apo r,iskept
u nder a stro ngte mper attzregr adie nt, w ater v apo r m o v e sto w ard region swi dllow e rteTnperatu reS.
Asa re sult
,
sin c ethe air inr eglOnS With higerte znperatu resbe c o m esdry, the 皿al difEusio n m ake s
dry air with le av ng m oist ah a s aby-produ ct･ T his, ii m aybe m ore rel v ant to s aythat也e rmal
dif fusio nproduc e sthegradie ntofw ater vapordensityinthe air･
Kobaya shietal･(1 997)dis c u ss edthis stlbje ctandc on cludedthtte mper atu regradie ntsin clo s e
pr oxi mityto s oilpa rticles fo 血 gthegr o und stlrfa c e c anbelarge e n otlghtode v elophu mi dity
inversions a c ro ssdry, s oils町face s.
6. A micro-c o n v e ctio n m odel
A m odel thatdes cdbe sthe w ay 也egr adie ntof w ater vapo rde nsityistra nsportedupw ard is
pre s e nted in Fig･3(Kobayashietal. , 1997). The sdppledarea sho w sdryair m ade athoちdrys oil
su rfa c esI Thedryair m ade atthe su rfa c eis mix:ed withm oistair above and below , partofwhidlis
theby-produ ctof thern al diffusio n, r esultingthe c onvergence of w ater vapor tow ard 也e s u rfac e.
Thu s
,
ifo nly mixingbyeddydiffusio n orforc ed c o n v e c血 n w erein actio n, thedryair c ould n ot
efBcien也ybetr an spo rted upw a rd. Consequen也y, fr ee c o n v e ctio n whidioc cu rs as aresdtofthe
de nsitygradie nts should be re spo n sibleforthetran sport.
A c o nve ction c ellc o n sits of the c o r e wher ethe updraf[isfa st and 也e e nvir on me ntwher e也e
do wndraftis slo w. Thehot
,
dryair madeju stabo v ethegr o u nds urfa c eis e asilye ntrain ed into the
c ell･ Ho w ever, if it s m ade andtrapped ins oilpo re sbeing openedto 血e a血 o spher e, the rn a ss
m o v eTn entOf hot, dry air m aybe c o mplicated, bec au s ehotairis s mdlin density and islaid under
c o ol he avie rair;thatis, u nstable c o ndido n spre v aLthere. Thisphe n o menon α n be solved as a
problem of the Kelvin-Hel 血oltzinstability(Kobaya shietalり 197)･
The re sults obtain edare asfollo w s:
The instabilityde v elops whe n(a)也ediffe re n ceinterrIPer aturebetw e e nthetw o ga s es, hota nd
c ool,isla rge, ”)the su rfa c e win d is str o ng,(c)soilpcrres arelarge, a nd(d)the w a v e nu mber of
disturb an c esislarge;thatis, the size ofc o n v e ctio n cellis s mall.
Fro m也e s e results, w e nnim agine thatlots ofs malc on ve ctio ncells developher e and there,
a nd hot
,
dry airis s e nt upfr o mthe s urfa cethro ughthethin c orelike ajet(micro c o nve ctio njet,
M CJ)･ In the wide e nvir o n m entradler m Oistair m ov es dow n w ardandpartof ittaken intothe s oil
po re s, and under s廿o ngte mper atu regradients thedryairlayeris refo r m edthe re･ Itis es s e nti alto
realize that M CJs s e nd up not o nlydryair butalso gradie nts of w ater vapor densityo rhu midity
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iTIV erSio n spr odu c edat也e stlrfa c e, whichm ean sthattheair m as s e s m ov mg upfro mthe s u rfa c e a re
ra血er s mallpar c els c o rnpo s ed oftw okinds ofga s e s, dry airin thelo werpa rt and m oistairin the
upperpart伊ig.3)A
One type of e xperir n e ntal eviden α instlppO rt Of th is model is als o s e en in Fig･ 21 The
phenom en o nthat w ater v apo rde n sity n e arthe dry stlrfa ce started de cr e asing s udde nly h the
m o m mg can be 既plained o ndie basis of th is m odel;thatis, the instabilityne ar the s urfa c e
de v elops vial aris eindie Surfa cete mpe r atu re a nd whe n a cri 也calstateis re ached MCJs burst and
dry air c o nfin ed within the thin, dry airlaye r spre adsto the su rro undings･ Nagai et al･ (1997)
sho w ed a n other e x ample of su血 aphe n o m en onin which a s udden inc re ase in dle S u rfa c ew in d
spe ed a uscd a suddendecre a sein w ater v apo rde n sityin D S Las w ella sin dle S urfa c ebo undary
hye r, whidhsuggests thatthe stro ng win d ggers血ebu rstof MCJ asis e xpe cted fr o mthe re s ult
仲)sho w n abo v e.
H CJ
(Core)
Hoist air
Dry air
】
1
T S 瓜
Soils urface
I)SL
PTZ
Fig･3･ Schem aic repre s e nta:do nofa mic r o- c on ve ctio n m odel thatdes cribesthe w ay dryair and
hu midityin v e rsio n sm ade atthe s urfa c e a retr an spo rted upinto th早Surfa c ebou ndarylayer･
7･ CatlS e a nd effe ctofw ater v apo r adv e ctio noverdes e rts
Ev e nif air m a s s e sc o ndido n edin m oist regions flo w into are a swidl dry s u rfa c e sin die
day血 e, dieh midity atthe s urfa c eis s c a rc ely in nu e n c ed by the m, be G luS ethe m laldiffusio n
arisingfr o mte mperaturegradie nts resists theflow ofw ater v apo rd riv e nbyitsde n sity gr adie n tin
TSALa nditis dete r min ed bythe m oisture c o ndido n sin the upper m o st oil layers a ndthe s oil
surfaceterrIPer atu r ePe a nd Kobaya shi, 1997). Thus, the air m a s s esdo n ote as並y adjust to dry
s on surfa c e s
,
which m eaJIS that adved ve effe cts of w ater v aporge ne rated inm oist- s u rfa ce are as
(e.g･, o as es) willn ot be eliminated for a lo ngdistan 伐 O V e rdry- s urfa c eare as(e･ g･ , des erts)
(Kobaya shietal･ , 193)･ T 山s m aybe the main re a s o nwhytheform atio n of IB L fo rh mi dityhas
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notbee nc onfir m ed when airflow sfro m moistare asto dryarea s. On.the c o ntr
ary, sincehumidity
jus tabo v ethe s u rfa c eis inc r eased by the adv ectio n and hen ce h umidityin v ersio n sa cros sthe
s u rfac eare str engthened, thehumi dilyinversion inthe s urfa cebo undarylaye rwi n be stren釘he ned
as w ell.
8. Concludingre m arks
ln des e rt ar e as
,
inthe daytim e when the s u rfac ete mper atu reis m uch higher tha n the air
temperature, hu midity atthe s u rfaceis s mal1er than thatin the su rfa ce bounda ry hyer･ How ev er,
w ater vaporistr an sported again stits de n sity gradie ntby M Crs, which m e an sthatther eis an other
dri vingfo r cefo rthe w ater v apo rtr an spo rtbesides thegradie nt of w a王er v aporde n sity;thtis, the
te mperatur egradie nt･ The refo r e, the rate of e v apo r adon 丘om hot, dry s oilsⅦrfa c esc an n ot be
∝pr esed bythe Ohm
†
s a n alogyorthebulkaer odyn amicfor muhdo n s, be c aus ethc s etechniques
ar e explicitlyba s edo n the as s umption thatthe pro c es sisis othermal. Co n seque ntly, it m aybe said
that the r ate of evaporatio nfr om hot, dry s oils urfa c esc an not be es丘m ated by observing
bo undary- airl ayerpro c es s es･ He andKobaya shi(1997)propos edto use abd k form ul 血o n of the
w ater va:portr anspo rtin D S Lwhere也etemper aturegradientistenstohtlndreds tim e sles sthanin
TS A Landits effe cts c anbe negle cted(Kobaya shi,1993).
In de sertar e a s
,
oilsu rfa ce sar e usu allydry and hen cehighte mperaQlr eS ar ed v elopedinthe
daytim e･ Thus, w ec o meto a c on clusio n ofgre atintere st thatdeserts pr odu c edry air･ It m aybe
sai d tha dryair m akesdes erts and des ertsthem s elves m akedryair, w hich m e aJISthatdes e rtshav e
an other self-induction effe ctin addito ntothats uggested byCharn ey(1975).
Whe n m oistairflo w sinto des ert ar e as, w ater v apor maybe abs o rbed bydrys oilsurfac es h
themighuim e･ How ev er, in thedaytim e, itke epsflo wing o v erhoちdrys urfa ce sfor alo ngdistan ce
a nd humi dity nv ersio n s win bede veloped inthe s u rfa c ebo u ndarylayer･ Thehumi ditystru ctu r ein
the su rfacebou ndarylayerin de s erta rea sis v ery c o mplic ated and further studyis ne ededto clarify
thedetails of thebehavio r ofw ate r vaporthere ･
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